Although jumps are a commonly performed element within dance and many sports, research indicates that dancers have a lower overall incidence of ACL injury (0.009 ACL injuries per 1000 exposures) compared with team sport athletes (0.07-0.31 ACL injuries per 1000 exposures). 10 Female athletes have a higher incidence of ACL injuries than male athletes 11, 12 ; however, a similar sex difference is not evident for ACL injuries among dancers. 10 Landing impact can be assessed using measures of mechanical stiffness. Mechanical stiffness refers to the body's ability to resist deformation against an applied force under the assumption that the body acts as a spring and has uniform stiffness properties (k). 13 The term "leg stiffness" is used for measures of resistance to change in overall leg length after application of internal or external forces. 13, 14 Rather than applying a uniform stiffness property (k) to the whole lower limb, leg stiffness can be regulated by modulating stiffness at individual joints. 14 Joint stiffness can be controlled by altering the joint range of motion (ROM) and the associated muscle activity. For example, impact during running has been shown to be attenuated through altering knee and ankle joint stiffness by changing the footfall technique 15 from a heel strike to a forefoot strike. 16 There are two factors that mainly determine stiffness during landing from a jump: the external force and the ROM. Leg stiffness has been shown to be an important indicator for injury risk in sport, with bilateral differences in leg stiffness prior to a season increasing the likelihood of developing a non-contact lower limb injury. 17 Joint stiffness has been linked with impact-related injury, however, the optimal joint stiffness is still unknown. Increased lower limb joint stiffness has been associated with bony injuries, such as stress fracture risk in runners, [18] [19] [20] while reduced joint stiffness has been linked with soft tissue injuries. 21 A review of the literature has shown there are differences in relative leg stiffness between males and females during jump landings 22 ; however, it is unknown whether there are sex differences in leg stiffness or joint stiffness due to differences in training at the elite level. For elite athletes and dancers, specific movement patterns are trained over a long period of time, usually many years, resulting in development of preferred movement strategies. In most jump landings, a forefoot strike is common; however, the technique of "rolling through the foot" is unique to dance. 2, 10, 23 The dance aesthetic typically requires a controlled landing with a toe strike followed by the ball of the foot and a delayed controlled lowering of the heel and sequential flexion of the lower limb joints. 10, 24 This has the aesthetic effect of a quiet and smooth landing. 2, 10, 25 The strong emphasis placed on the unique aesthetic requirements of dance may lead to the development of distinct lower limb stiffness properties in highly trained dancers. The primary aim of this study was to measure and compare vertical leg stiffness, and sagittal plane hip, knee, and ankle joint stiffness for male and female dancers and athletes during single-leg drop jump landings for non-dance-specific landings. A secondary aim was to compare sagittal plane joint moments and ROM between these groups. We hypothesized that dancers will exhibit lower stiffness than athletes; however, it is currently unknown whether dancers will apply their dance-specific jump landing technique to other landing types.
| MATERIALS AND METHODS
Data from this project focusing on sex and training differences as they relate to the biomechanical risk of lower extremity injury 26 and the effects of fatigue 27 have been previously published. This paper will focus on lower extremity stiffness. An a priori power analysis for the main variable of knee valgus angle determined that with 20 participants per group, we achieve 80% power for an α level of 0.05 and a moderate effect size (partial eta squared = 0.13).
| Participants
Forty dancers (20 M and 20 F) and 40 team sport athletes (20 M and 20 F) were recruited to participate in this study at the Motion Capture Laboratory of the Harkness Center for Dance Injuries, NYU Langone Orthopedic Hospital. Due to technical issues, data from one male dancer were incomplete for the purpose of calculating joint stiffness. All participants completed a medical history questionnaire and signed an informed consent form approved by the local institutional review board. Demographic information including height, weight, and age at the time of testing is displayed in Table 1 . All dancers were currently active in a professional ballet or modern dance company, and all athletes were currently competing at the collegiate level (Division I-III) in jumping and/or cutting sports (ie, basketball, volleyball, soccer, lacrosse, rugby). Additionally, for inclusion, all participants had no history of surgery to the lower extremities, no current lower extremity injuries, and no lower extremity injuries within the previous year.
| Drop landings
Participants performed three single-leg drop landings from a 30-cm platform onto a force plate. Each participant wore their own personal athletic shoes for the testing, and all landings were performed on the dominant leg which was defined as the leg that would be used to kick a ball for maximal distance. As illustrated in Figure 1 , participants were required to cross their arms over their chest and begin each trial in single-limb stance on the dominant leg. They then dropped off the platform and landed on the force plate using the same leg.
| 3D motion analysis
Twenty reflective markers were placed bilaterally over the calcaneus, second metatarsal, lateral malleolus, lateral femoral condyle, mid-shank, mid-thigh, anterior superior iliac spine, acromion, lateral humeral epicondyle, and distal radius. Two additional markers were placed on the sacrum and the left posterior superior iliac spine as per the Helen Hayes system. 28 Marker positions were collected at 250 Hz using eight Eagle cameras (Motion Analysis Corp., Santa Rosa, CA, USA). The motion data were then filtered with a 4th-order Butterworth low-pass filter with a cutoff frequency of 10 Hz in order to eliminate any high-frequency noise. Ground reaction forces (GRFs) were recorded at 2500 Hz with a multi-component force plate (AMTI; Watertown, MA, USA). Landings were defined as the period of time from initial contact with the force plate to the point in time at which peak knee flexion was achieved during each trial. Sagittal plane joint angles were calculated for the ankle, knee, and hip using the motion capture data. Net joint moments were calculated for each joint by standard inverse dynamic techniques using specialized computer software (Visual 3D; C-Motion Inc, Rockville, MD, USA). All joint moments were reported as external moments and normalized to body mass. 
| Stiffness calculations
A spring-mass model was used to calculate vertical leg stiffness (K leg ) and joint stiffness (K joint ) of the hip, knee, and ankle, as described in previous studies. 29, 30 K leg was calculated using the following formula:
where peak GRF vertical is the maximum vertical ground reaction force and ∆L COM is the vertical displacement of the center of mass (COM) from the initial contact position to peak GRF. COM was calculated in Visual3D based on the position and inertial properties of each body segment using the whole-body biomechanical model. GRF data were normalized to body weight (BW), and COM displacement was normalized to height and also reported in absolute terms. K leg was normalized to body weight and height. K joint was calculated using the following formula:
where ∆M joint is the change in joint moment between initial ground contact and the instant of peak joint moment and ∆Ɵ joint is the angular displacement of the joint between initial ground contact and peak joint moment.
| Statistical analysis
Two-way between-group analyses of variance (ANOVAs) were performed to assess the effect of group (dancers vs athletes) and sex (males vs female) on all demographic data. Two-way between-group ANOVAs were performed to investigate the effects of group (dancers vs athletes) and sex (males vs females) on stiffness, COM kinematics, GRF, joint kinematics, joint kinetics, and landing time during drop landings. Specific primary data included in the analyses were vertical leg stiffness and hip, knee, and ankle joint stiffness. Secondary variables included COM vertical displacement and peak GRF; hip, knee, and ankle flexion at initial contact; hip, knee, and ankle flexion angle at peak moment; hip, knee, and ankle ROM from initial contact to peak joint moment; hip, knee, and ankle peak moment and change in moment from initial contact to peak joint moment.
A stepwise multiple linear regression was used to examine the contributions of hip, knee, and ankle joint stiffness to variance in vertical leg stiffness for each training and sex group: female dancers; male dancers; female athletes; and male athletes. The standardized beta (β) statistic was reported to provide a measure of the percentage of variance of vertical leg stiffness accounted for by each independent variable included in the regression model. Alpha was set at 0.05 for the regression analyses. Given the sequential joint flexion of the hip, knee, and ankle typically demonstrated on jump landings, 31 the timing of peak joint moments for the lower limb joints may not necessarily align with the instant of peak GRF. This may have implications for these parameters being used as predictors of vertical leg stiffness. Time-series data were calculated for COM vertical displacement and vertical GRF, as well as joint angles and moments for the hip, knee, and ankle. These were presented for the landing cycle (ie, from initial contact to peak knee flexion in 1% increments). Data were averaged for each group: female dancers; male dancers; female athletes; and male athletes. IBM SPSS Statistics for Windows, version 24 (IBM Corp., Armonk, NY, USA), was used for all statistical analyses.
| RESULTS
Dancers were older than athletes, but males and females were of similar age across both training groups. Female dancers started their training at a younger age (6 years) than all other groups (8-14 years). Athletes had greater height, mass, and body mass index (BMI) than dancers. Males had greater height, mass, and BMI than females (Table 1) .
For all stiffness, kinematic, and kinetic variables, the twoway ANOVAs revealed no interaction effect for group and sex, only main effects (Tables 2-5 ). Time-series graphs for the kinematic and kinetic variables, presented as a percentage of landing cycle, are provided as Supporting Information.
| Group effects
Dancers had lower vertical leg, knee joint, and ankle joint stiffness than athletes. Additionally, dancers had greater absolute COM vertical displacement, greater COM vertical displacement per height, and lower peak GRF per body weight than athletes. Dancers also had increased landing time compared to athletes, taking an additional 28 milliseconds to land (Table 2) . Group effects at the hip joint included increased hip moment change and peak for athletes compared to dancers, while there were no differences in flexion ROM or hip joint stiffness between dancers and athletes (Table 3) . At the knee joint, in addition to decreased knee joint stiffness, dancers had higher flexion ROM and lower change and peak in joint moment compared to athletes (Table 4 ). In addition to decreased ankle joint stiffness, dancers also exhibited increased initial plantar flexion angle and increased ankle ROM compared to athletes. There was no difference in ankle moment change or peak between dancers and athletes (Table 5 ).
| Sex effects
Males had greater vertical leg stiffness compared to females, this occurred with lower COM vertical displacement per height and greater peak GRF per body weight in males compared to females. However, when expressed in absolute terms, the COM vertical displacement was not significantly different between the sexes (Table 2) . Even though there were no sex differences in hip joint stiffness, males landed with decreased initial hip flexion, decreased hip flexion range, and increased change and peak in hip moment (Table  3 ). There were no sex differences in knee joint stiffness, knee flexion, or knee joint moment. Males had greater ankle joint stiffness compared to females, with decreased initial plantar flexion angle, decreased ankle ROM, and greater change and peak in ankle moment compared to females ( Table 5 ).
| Hip, knee, and ankle contribution to vertical leg stiffness
The stepwise multiple linear regression revealed that for all groups except female dancers, the variance in vertical leg stiffness was explained primarily by knee joint stiffness. For athletes, knee joint stiffness was the only statistically significant independent variable included in the model, accounting for 52.9% (β = 0.529, P = 0.016) and 60.0% (β = 0.600, P = 0.005) of the variance in vertical leg stiffness for female and males athletes, respectively. For male dancers, knee joint stiffness accounted for less of the variance in vertical leg stiffness, 43.1% (β = 0.431, P = 0.026), but was still the only contributing variable. For female dancers, neither hip, knee, nor ankle joint stiffness were included in the regression model, so none of these variables contributed significantly to the variance in vertical leg stiffness (Table 6 ). Timing of peak joint moments occurred at different times throughout the landing phase for different joints. Mean timing of peak joint moment occurred at 23.3%, 46.8%, and 48.1% of landing for the hip, knee, and ankle joints, respectively, compared to 26.5% of the landing phase for peak vertical GRF.
| DISCUSSION
Overall, our hypothesis was supported as total lower extremity stiffness was significantly lower in dancers compared to athletes. Significant differences in joint stiffness were found between dancers and athletes at the knee and ankle. These findings suggest an effect of dance training on landing technique. The significantly reduced vertical leg stiffness displayed by the dancers compared to athletes can be attributed to the greater vertical displacement of the COM in conjunction with a lower GRF during landing. The decreased vertical stiffness demonstrated by the dancers was also associated with a significantly longer landing time in this group; however, there was no sex difference in landing time. It appears that the dance training technique which emphasizes quiet and smooth landings 2,10,25 was transferred to a non-dance-specific drop landing task. To our knowledge, this is the first study to compare stiffness characteristics of dancers and athletes during drop landings. Ambegaonkar et al 32 examined stiffness in dancers and athletes during drop jumps (ie, rebounding from landing to perform another jump), rather than drop landings (ie, stopping on landing). However, in contrast to our results, they found that dancers had greater leg stiffness than athletes. It is possible that this difference may be due to the dancers having a feedforward motor planning mechanism 33 which altered stiffness in anticipation of what was to come next. Additionally, the different results may be due to our inclusion of athletes from a variety of sports while the previous study only included basketball players, and their participants performed double-leg versus single-leg jumps from a 45-cm box vs a 30-cm box.
Our data indicate that differences in kinematics and kinetics at the knee and ankle predominantly contributed to differences in overall vertical leg stiffness between dancers and athletes. Dancers displayed significantly reduced knee joint stiffness compared to the athletes, with this being attributed to a larger range of knee joint motion and lower knee joint moments compared to athletes. Data from previous publications from this project 26, 27 compared frontal plane landing kinematics for the same cohort of dancers and athletes. Unlike the sagittal plane data presented in the current study, in the previous studies, female athletes demonstrated increased frontal plane knee joint range on landing compared to female dancers. This increased valgus range may place female athletes at greater risk of ACL injury. Therefore, collectively, data from this series of papers on landing biomechanics indicate that in the case of females, dancers demonstrate increased knee flexion and decreased knee valgus on landing compared to female athletes, a landing pattern that may contribute to their lower incidence of ACL injuries. The significantly lower ankle joint stiffness found in dancers appears to be due to differences in joint angles rather than moments. The ankle joint moments during landing was similar between dancers and athletes; however, greater plantar flexion at initial contact resulted in an increased overall ankle joint ROM, thereby contributing to the lower joint stiffness displayed by the dancers. In dance, the instruction to "roll through the feet" on landing is implemented from very early in training. Such instruction encourages initial floor contact to occur with the tips of the toes with a fully plantar-flexed ankle, followed by controlled lowering through the foot finishing with smooth and controlled heel contact. Young dance students are also often instructed to "keep your heels down" when connecting with the floor during jump landings. Additionally, the requirement of achieving a maximal demi-plié (knee flexion while keeping the feet flat on the floor) is also one of the first fundamental techniques taught.
This combination of instructions therefore has the effect of increasing ankle ROM, peak ankle dorsiflexion, and knee flexion angles (ie, producing a deeper demi-plié) during landing. It is clear from this study that even in a task that is not dance-specific, dancers were able to apply their training to the drop landing task, utilizing a greater proportion of their available ankle and knee joint ROM while controlling the eccentric load with a lower knee joint moment. The resulting reduction in ankle and knee joint stiffness therefore reduced overall vertical leg stiffness.
When comparing males and females, the greater vertical leg stiffness demonstrated by males was consistent with previous studies. 29, 34, 35 Our finding that increased leg stiffness in males was due to increased vertical GRF and decreased COM vertical displacement was in agreement with Márquez et al 34 and Hughes and Watkins. 29 In terms of specific joint stiffness, we found that males had higher ankle joint stiffness compared to females, but similar knee and hip joint stiffness. Our data indicate that the higher ankle joint stiffness is due to a reduced range of ankle joint motion during landing as well as higher moments compared to females. In contrast to our study, Hughes and Watkins 29 reported significantly lower knee joint stiffness in females compared to males, with the knee being the only lower limb joint analyzed in the study. Although we did not find sex differences in hip joint stiffness, there were differences in hip joint moments and flexion range. Despite our findings of some sex differences in landing variables, a review by Bruton et al 22 of sex differences in the kinematics of landing, and a more recent study in basketball and floorball athletes, 36 provides little support for the presence of sex-specific kinematic patterns for landing tasks. Data for sagittal hip, knee, and ankle joint angles show sex differences in only a minority of studies and contrasting results between studies make it difficult to compare our kinematic data with previous research. In relation to links between lower limb stiffness and injury, there are no prospective studies that directly correlate stiffness and injury. However, review of retrospective studies suggests that too much stiffness may be associated with bony injuries and too little stiffness may result in soft tissue injuries.
14 Many studies have focused on the link between jump landing mechanics and ACL injury; increased knee valgus ROM has been linked to ACL injury. 2, 5, 6, 8, 27, 37 It has also been well established that increased valgus motion on landing is more common in female than male athletes, 2,6,36,38,39 thereby resulting in a higher incidence of ACL injuries in females. Our previously published data on frontal plane landing kinematics and kinetics 26, 27 support these findings. With respect to sagittal plane joint mechanics, studies have indicated that sagittal factors are also related to ACL injury mechanisms 2, 5, 8, 9, 37, 40 ; however, in this case, landings with a low knee flexion ROM and increased vertical GRF, that is, a more stiff landing, have been suggested to cause increased loading of the knee and therefore an increased risk of ACL injury.
9,40,41 Hewett et al 40 described a quadriceps dominance theory for ACL injuries in which a low knee flexion angle at landing, and higher activation of the quadriceps muscles to stiffen and stabilize the knee joint, may result in excessive anterior translation of the tibia and strain on the ACL. In light of such previous research, our finding of dancers having decreased sagittal knee joint moments, increased knee flexion range, and associated reduced knee joint stiffness during landing suggests that dancers may exhibit a safer landing technique compared to athletes in relation to ACL injury, supporting prior study conclusions. 
T A B L E 6
Stepwise multiple linear regression of contribution of hip, knee, and ankle joint stiffness to variance in normalized vertical leg stiffness (body weight/height)
Various studies have investigated the effectiveness of injury prevention programs in reducing ACL injury in athletes, with a recent review by Lopez et al, 42 indicating that such programs resulted in increased peak hip flexion, increased knee flexion, and decreased peak knee moment during landing. The majority of these studies included activities that prioritized soft landings by increasing knee flexion through implementation of plyometrics and jump landing tasks. 42 Interestingly, our study found that for all groups except female dancers, knee joint stiffness was the only lower limb stiffness variable that made a significant unique contribution to variance in overall vertical leg stiffness, with the proportion of this contribution being higher in both male and female athletes compared to dancers. This result suggests that athletes rely on their knee joint to moderate their overall vertical stiffness rather than the hip or ankle. It should be noted, however, that the mean timing of peak knee joint moment occurred after the mean timing of peak vertical GRF (ie, 46.8% of the landing phase for the knee moment compared to 26.5% for the GRF). Since the timing of peak knee joint moment and peak GRF influences the calculation of knee joint stiffness and vertical leg stiffness, respectively, this discrepancy in timings may have implications for the validity of knee joint stiffness as a predictor of vertical leg stiffness. Our finding that male and female elite-level dancers already exhibit a softer landing mechanism at the knee joint and for overall vertical stiffness, together with previous research showing dancers to have a much lower overall incidence of ACL injuries compared to team sport athletes, 10 suggests that adoption of similar training approaches to those used in dance may be beneficial in reduction in lower limb injury within sporting populations.
2,27

| Limitations
Several limitations need to be acknowledged and taken into consideration during interpreting the findings. This was a cross-sectional study; thus, dance training alone may not account for the entirety of the group differences. We focused on sagittal plane stiffness while injuries such as ACL tears have a triplanar contribution. Finally, we did not include trunk stiffness which may add additional insight into the difference between groups and sexes.
| PERSPECTIVES
Male and female dancers displayed lower vertical leg stiffness, which is a softer landing technique, than athletes. This was facilitated by reduced knee and ankle joint stiffness, which occurred via lower knee joint moments, and higher knee and ankle joint ROM. This finding supports our previous work which suggests that dancers may use a safer landing technique than athletes in relation to existing theories of mechanisms of lower limb injuries, particularly with respect to ACL injuries. A notable finding of this study was that without the imposition of any time constraints due to particular performance requirements, dancers took longer to land than athletes. This extra time may contribute to facilitation of the dancers' softer landing. The study revealed that elite dancers applied a softer, less stiff, landing technique even when performing non-dance-specific movements, and athletes used a stiffer technique even without the time pressures they are often exposed to during competition. This finding therefore suggests that athletes could potentially be trained to adopt some of the landing techniques used by dancers, particularly for application in sporting situations where a quick landing time is not necessarily a priority. Since knee joint stiffness was the only joint found to contribute significantly to overall variance in vertical leg stiffness in athletes, a focus on modification on knee joint mechanics during landing may prove beneficial for athletes. The training approaches used during the development of dance technique could therefore potentially offer some insight and application into approaches to injury prevention in elite and recreational sporting populations.
